Background: The lung cancer risk of smokers varies by race/ ethnicity even after adjustment for smoking. Evaluating the role of genetics in nicotine metabolism is likely important in understanding these differences, as disparities in risk may be related to differences in nicotine dose and metabolism.
Introduction
Cigarette smoking is the leading cause of lung cancer-related deaths and nicotine is the agent responsible for tobacco addiction (1, 2) . Much research has been directed toward understanding the pharmacology of nicotine and its influence on smoking behavior (3, 4) . Smoking history, in the form of the number of cigarettes smoked per day (CPD), gathered through validated questionnaires, possibly in conjunction with plasma levels of nicotine metabolites, aid in evaluating tobacco smoke constituents uptake, individual differences in metabolism, and lung cancer risk (5) (6) (7) . Surprisingly, notable racial/ethnic differences in lung cancer risk occur among smokers. Moreover these differences persist even after adjustment for smoking rates (i.e., cigarettes/day) and smoking duration (8, 9) . For example, in comparison with European Americans, African American and Native Hawaiian smokers have higher overall risks of lung cancer at relatively low rates of consumption (e.g., 10 and 20 CPD), whereas Japanese Americans and Latinos tend to have lower risks than European Americans at this same level of smoking (8) . These noted disparities in lung cancer risk among ethnic groups may be related to differences in internal dose and metabolism and may result from common genetic variation. Because nicotine is the known addictive component of cigarette smoke, understanding individual variation in nicotine metabolism is likely to be important in understanding both interindividual and racial/ethnic differences in smoking behavior, the resulting exposure to tobacco carcinogens, and lung cancer susceptibility (10, 11) .
The primary pathway of nicotine metabolism is conversion to cotinine. Typically 80% of nicotine is metabolized to cotinine via cytochrome P450 2A6 (CYP2A6)-catalyzed C-oxidation (3, (12) (13) (14) . CYP2A6 also catalyzes the oxidation of cotinine to trans-3 0 -hydroxycotinine (3-HCOT; ref. 15) . The other pathways of nicotine metabolism, N-oxidation, and N-glucuronidation, each typically contribute <10% to total metabolism, although, in some individuals, N-glucuronidation may account for >40% of the excreted nicotine metabolites (16, 17) . UGT2B10 and UGT1A4 both catalyze nicotine and cotinine N-glucuronidation; however, UGT2B10 is a significantly more efficient catalyst and seems to be the enzyme responsible for nicotine and cotinine glucuronidation in smokers (18) (19) (20) (21) (22) (23) . 3-HCOT is O-glucuronidated, a reaction catalyzed, at least in part, by UGT2B17 (3, 18, 22, 24) , an enzyme that does not catalyze N-glucuronidation (25) . In urine, the sum of nicotine, cotinine, 3-HCOT, and their respective glucuronide conjugates, referred to as "nicotine equivalents" account for 85% to 90% of total nicotine uptake (3) . Therefore, nicotine equivalents can be used as a biomarker of nicotine uptake and tobacco exposure (26, 27) .
There is noted interindividual variation in metabolism-different people metabolize nicotine and cotinine at different rates (28) . Smokers self-modulate their tobacco consumption to maintain the desired effects and optimal concentrations of nicotine in the brain (2) . A smoker with a slow rate of metabolism would likely smoke less or extract a lower nicotine dose per cigarette to achieve the same plasma level of nicotine as someone who metabolizes nicotine more quickly. Both CYP2A6 activity and genotype are associated with CPD in Japanese and smokers of European ancestry (4, (29) (30) (31) . Nicotine glucuronidation is of interest as another possible modulator of smoking behavior, and we previously reported that smokers who carry the UGT2B10 Asp67Tyr variant, which is associated with reduced nicotine and cotinine N-glucuronidation, excrete lower levels of nicotine equivalents (20, 22) . Cotinine and nicotine glucuronidation levels, as represented in the urine, are significantly correlated and, due to the longer half-life of cotinine, cotinine glucuronide is a more stable phenotypic measure of variation in glucuronidation (21) .
Our prior study was relatively small, analyzed a single variant, and was carried out in smokers with predominantly European American ancestry. The genome-wide association study (GWAS) study described here was carried out in a large multiethnic cohort, in which the urinary concentrations of nicotine and six metabolites were quantified. The significant variation in metabolism across the ethnic groups within this cohort was recently reported (32) . As reported previously, nicotine C-oxidation was lower in Japanese Americans and Native Hawaiians compared with European Americans, whereas nicotine and cotinine N-glucuronidation were lower in African Americans (20, 29, 33) . The large number of subjects and their varied nicotine metabolism in this cohort allowed us to comprehensively assess the relationship of nicotine glucuronidation to smoking intensity. Because the Nglucuronidation of cotinine and nicotine is catalyzed by the same enzymes (18, 34) , we have used both nicotine and cotinine glucuronidation phenotypes to identify genetic variation in glucuronidation activity, then used the genetic model developed to test the relationship of glucuronidation to nicotine equivalents. Nicotine and cotinine glucuronidation levels in smokers' urine are correlated; however, the correlation will depend on the other pathways of nicotine and cotinine metabolism, primarily CYP2A6-catalyzed oxidation. Because of the greater catalytic efficiency of CYP2A6-catalyzed nicotine oxidation relative to cotinine oxidation (35, 36) , the extent of cotinine glucuronidation will be less influenced by variation in CYP2A6 activity then will nicotine glucuronidation. Therefore, cotinine glucuronidation is a more stable measure of N-glucuronidation and an excellent surrogate for nicotine glucuronidation.
There has been great interest in evaluating the role of genetics in understanding the metabolism of nicotine and in predicting cancer risk among smokers (4, 37) . Differences in the prevalence of genetic factors may assist in understanding the striking differences in lung cancer risk that have been noted between ethnic groups, especially at low and moderate levels of tobacco exposure. In the present study, we conducted a GWAS in search of common genetic variants that may be associated with nicotine and cotinine glucuronidation in a sample of 2,239 current smokers representing five racial/ethnic populations in the Multiethnic Cohort (MEC) Study.
Materials and Methods

Study population
The MEC consists of more than 215,000 men and women in California and Hawaii ages 45 to 75 years at recruitment, and comprises mainly five self-reported racial/ethnic populations: African Americans, Japanese, Latinos, Native Hawaiians, and European Americans (38, 39) . Between 1993 and 1996, adults enrolled in the study by completing a mailed questionnaire asking detailed information about demographic factors, personal behaviors, and prior medical conditions. Potential participants were identified through driver's license files, voter registration lists, and Health Care Financing Administration data files. Between 1995 and 2006, blood specimens and either first morning or overnight urine were collected prospectively from approximately 67,000 participants for genetic and biomarker analyses. The Institutional Review Boards at the Universities of Southern California (Los Angeles, CA) and Hawaii (Honolulu, HI) approved the study protocol. A total of 2,393 current smokers at time of blood draw with no cancer diagnosis were assessed for inclusion.
Phenotypes
Nicotine, cotinine, and 3-HCOT in urine were analyzed by LC/ MS-MS in a 96-well plate format using essentially the methods described previously (40, 41) . The glucuronide conjugates were determined by analyzing the urine after treatment with b-glucuronidase, quantifying the total nicotine (nicotine plus nicotine Nglucuronide), total cotinine (cotinine plus cotinine-N-glucuronide), and total 3-HCOT (3-HCOT plus 3-HCOT-O-glucuronide), then calculating glucuronide concentrations as the difference between the free and total analyte. The coefficients of variation were (16.7 for nicotine, 10.1 for cotinine, and 11.4 for 3-HCOT). The main phenotypes analyzed were cotinine and nicotine glucuronidation, the ratio of cotinine glucuronide to total cotinine, and nicotine N-glucuronide to total nicotine, respectively. CYP2A6 phenotype was described by the ratio of total 3-HCOT to cotinine. To account for cigarette smoke exposure, nicotine equivalents, the sum of total nicotine, total cotinine, and 3-HCOT total (nmol/mg creatinine) were used for adjustment in analyses (27) .
Genotyping and quality control
A total of 2,418 current smokers were genotyped using the Illumina Human1M-Duo BeadChip (1, 199 ,187 SNPs). The genotyping quality control consisted of (i) removing individual samples with !2% of genotypes not called (n ¼ 8), (ii) removing SNPs 98% call rate (n ¼ 67,761), (iii) removing known duplicate samples (n ¼ 25), and (iv) excluding samples with close relatives (as determined by estimated identity by descent status in pair wise comparisons, n ¼ 59), and samples with conflicting or indeterminate sex (n ¼ 7). The analysis included 1,131,426 SNPs and 2,239 samples.
Twenty-five replicate samples were included and the concordance was > 99.99%.The missense SNP in UGT2B10 (rs61750900 Asp67Tyr) was not included on the BeadChip and TaqMan genotyping was not successful, clustering was relatively poor. Two other missense variants (rs147368959 IIe409Thr and rs111772923 Met>Ile) on chromosome 4 that were identified on the basis of the ESP project (42) and only found in African Americans were successfully genotyped by TaqMan in the majority (2240) of participants.
Genotype imputation
We used SHAPEIT (43) and IMPUTE2 (44) to extend our genotype analysis by imputing all SNPs appearing in the thousand genomes project (45) as of the March 2012 release. This extended our SNP association testing to a total of 11,892,802 genome-wide variants post quality control checks (1,131,426 genotyped and 10,761,376 imputed SNPs/indels). To remove poorly imputed SNPs from analysis, we filtered the data to include SNPs with an IMPUTE2 info score cutoff of !0.30 and minor allele frequency >1% by ethnic group. The UGT2B10 missense SNP, rs61750900, was successfully imputed (with imputation scores from 0.94 to 1.0 among all ethnic groups) and our examination of this association was based on the imputed alleles. A UGT2B10 splice variant, rs116294140, common in African Americans (46) was successfully imputed (imputation scores !0.93 among all groups).
Statistical analysis
We used a random sample of 19,059 autosomal SNPs with frequency ! 2% over the five racial/ethnic group samples to estimate principal components of ancestry. We used the program GCTA to compute a genetic relatedness matrix using these 19,059 SNPs and to output the top 10 leading eigenvectors from this matrix to adjust for population stratification in the analyses described below (47, 48) .
Single SNP association testing
Individuals with low smoking levels (nicotine equivalents <1.4 nmol/mL, n ¼ 77), and low genotype quality measures (as mentioned above) were excluded leaving a total of 2,239 smokers for analysis. For every SNP individually, linear regression models were applied to each phenotype, with adjustment for age, sex, reported ethnicity, nicotine equivalents, and the first 10 principal components described above. For a given SNP, the number of copies of the minor allele carried by each subject was used as the explanatory variable of most interest in the analysis and an additive model was fitted. Estimates, confidence intervals, and P values were computed as usual for linear regression, with a P value > 5 Â 10 À8 to establish global significance.
Multiple SNP regression
To determine the relative importance of multiple SNPs in a region or genome-wide, we used multiple regression methods. All SNPs showing globally significant associations were allowed to compete in forward selection regression models and all variables that entered with a significance level of P < 0.001 were retained. This P value allows for multiple testing of approximately 50 independent tagging SNPs in a given region, this is approximately the number of independent tagging SNPs in regions of similar size examined when fine mapping breast cancer associations in an African American sample (49) . This allowed us to estimate the number of independent signals that may be involved in each region associated with each phenotype of interest. We expect some signals to be stronger, weaker, or absent in certain ethnic groups due to LD differences, or allele frequency differences between ethnic/racial groups, thus we also ran ethnic-specific analyses and tested for heterogeneity between ethnic groups in the impact of each SNP on each phenotype.
Results
A total of 2,239 smokers were included in the analysis, 53% were female (Table 1) . On average, African American and Latino NE (nicotine equivalents) is the sum of total nicotine, total cotinine, and total 3-hydroxycotinine expressed as nmol/mg creatinine. In an independent analysis of this cohort, NEs were expressed as nmol/mL (32) . b Cot Gluc (cotinine glucuronidation) is the ratio of the difference between total cotinine and free cotinine and total cotinine, expressed as percent.
c Nic Gluc (nicotine glucuronidation) is the ratio of the difference between total nicotine and free nicotine and total nicotine, expressed as percent. d For CPD and NE, age-adjusted P values across ethnic groups were included (with males as the reference).
smokers had lower tobacco smoke exposure compared with European Americans. They smoked significantly fewer CPD (11.2 and 9.3 vs. 17.6), and had significantly lower mean values of nicotine equivalents (55.9 and 49.9 vs. 72.4). The reported CPD for Japanese Americans was higher than for African and Latino Americans, but the level of nicotine equivalents was intermediate. However, if nicotine equivalents is expressed per urine volume, the concentration in African Americans is higher than in European Americans (32) . African Americans and Native Hawaiians were found to have significantly lower nicotine and cotinine glucuronidation values than European Americans, both overall and among males and females (Table 1) . Cotinine glucuronidation was lower in Japanese Americans, relative to European Americans and glucuronide levels among Latino Americans were similar or slightly higher than for European Americans. The change in cotinine and nicotine glucuronidation per value of nicotine equivalents is presented in Table 2 . For all ethnic groups, other than African Americans, there is a nonsignificant inverse relationship between cotinine glucuronidation and nicotine equivalents (b-ranged from 0.028 to À0.038). A similar inverse relationship between nicotine glucuronidation and nicotine equivalents was statistically significant among Latino Americans, Japanese Americans, and Native Hawaiians ( Table 2 ). The P value for heterogeneity is significant for both cotinine and nicotine glucuronidation, indicating that there is a difference in slopes among the ethnic groups.
GWAS of cotinine glucuronidation
The GWAS analysis included 11,892,802 variants in 2,239 smokers. A total of 1,241 variants on 15 chromosomes were found to be strongly associated with cotinine glucuronidation (P < 5Â10 À8 ). The vast majority (1,076) of these associations was within a mega base of each other within chromosomal region 4q13 (between chr4:58148386 and chr4:79607027). Additional associations were found with variants in regions 1q32, 2q36, 4q12, 4q21, 5p13, 7p22, 7q11, 9q21, 9q31, 10p13, 11p15, 11q24, 12p13, 13q12, 14q21, 14q31, 15q14, 15q26, 16q13, 16q24, 19q13, and 20q13 (Fig. 1A-D and Supplementary Table  S1 ). Through forward selection regression analysis of the 1,241 globally significant variants, we identified 15 independent signals comprising nine different chromosomes (Table 3) , with four of the variants located within 190 kb of UGT2B10 on 4q13. Of the 15 signals, 11 are intergenic and four are intronic variants. By far, the strongest association came from our top SNP in 4q13 (rs115765562, P ¼ 1.60 Â 10 À155 ) near the gene UGT2B10. This SNP is in high LD (r 2 ¼ 0.97) with the top SNP associated with total cotinine levels (rs835317, P ¼ 7.7 Â 10 À43 , data not shown).
Variability explained by SNPs and other variables
We fit forward linear regression models to evaluate the variation of cotinine glucuronidation explained by the most significant SNPs, and other baseline covariates (age, sex, nicotine equivalents, race, and principal components). Of the baseline variables, nicotine equivalents and sex were not important predictors for cotinine glucuronidation (with a combined R 2 of 0.05%, Table  4A ). Race was a highly significant (P < 0.0001) predictor, explaining 8.5% of variability observed. Principal components were also significant predictors and captured 10.4% of phenotypic variation, and 2.27% when added to the model in addition to race (P < 0.001). The principal components correct for population stratification by accounting for a marker's variation in frequency across ancestral populations. They are most likely capturing the effects of admixture percentage as well as race, since three (Native Hawaiians, Latino Americans, and African Americans) of the five ethnic groups considered are admixed (48) .
No pairwise interactions were found among the 15 variants deemed independently significant at P value < 0.005 (after correcting for the number of pairwise interactions tested). Therefore, we based our analysis on the main effects of the 15 variants; when added to the model, the fraction of variance explained by the model increased dramatically from 11.1% to 44.3%, that is, the variants alone explain 33.2% of variation. It is also important to note that variants on 4q13 near the gene UGT2B10, contribute a majority (27.4%) of the explained variability observed in cotinine glucuronidation. Our top most significant SNP, rs115765562, accounts for 24.2% of variability in cotinine glucuronidation.
Genetic score
We further considered the performance of a simple genetic score; a weighted sum of alleles associated with the phenotype using the (univariate) regression coefficient estimates as weights. The weighted genetic score explained a very similar amount of variation (31.3%) as did the total of the main effects of the 15 variants constituting the score (Table 4A) .
LD with other variants
Of the 1,241 genome-wide significant associations, we found three missense SNPs, a synonymous variant and one splice variant (Supplementary Table S1 ). However, none of these protein-altering SNPs are among the 15 variants that are in our final model. We checked to see whether any of the 15 variants are in high LD with these coding variants. The highest correlations between a proteincoding variant and any of the 15 SNPs that entered were between the nonsynonymous SNP rs9530 (gene: GUSB, b-glucuronidase), and the intergenic SNP rs6952407 both on chromosome 7q11 (overall R 2 ¼ 0.84). Our top most significant hit on 4q13, rs115765562, was strongly correlated with the splice variant, rs116294140 (R 2 ¼ 0.60). Another one of our most significant SNPs on chromosome 4q13, rs141360540, was correlated with the known UGT2B10 missense SNP rs61750900 as well as synonymous SNP, rs61749966 with R 2 values of 0.34. All other overall correlations between protein-altering SNPs and SNPs in the model were <0.20.
Ethnic-specific analyses
Because the vast majority of the signal is restricted to regions on 4q13, we focused our ethnic-specific analysis on this chromosome. When examining SNPs on 4q13, a total of 99 SNPs were globally significant in one or more of the ethnic-specific analyses but were not found to be significant at P value < 5Â10 À8 in the overall results. Among the 404 globally significant associations for African Americans, there were 14 SNPs that were not found in the overall analysis for cotinine glucuronidation, for European Americans there were two new significant associations out of 328, for Japanese Americans there were 72 out of 412, for Latinos 11 out of 497, and there were no new associations in the ethnic-specific analysis for Native Hawaiians (Supplementary Tables S3-S7) . When significant SNPs from the ethnic-specific analyses were allowed to compete with the six independent signals observed from the overall analyses for cotinine glucuronidation on 4q13, only one SNP, rs10029577 a UGT2B28 variant, additionally entered the model for African Americans. When added to the model with the six 4q13 variants, rs10029577 only explains an additional 0.9% of variation in cotinine glucuronidation in African Americans. No additional SNPs entered the model at P < 1 Â 10 À3 among any of the other ethnic groups, indicating Figure 1 . A, Manhattan plot of the Àlog10 (P values) from the test of association for cotinine glucuronidation plotted as a function of the chromosomal position. Genome-wide significance is defined as the Bonferroni-corrected 5% significance threshold (P < 5.0 Â 10 À8 ) and is indicated as a horizontal line. B, quantile-quantile that the six independent signals sufficiently capture the variability noted in ethnic-specific analyses. We further examined the ethnic variations explained by the full weighted genetic score ( Table 5 ). The addition of the weighted genetic score to the model for African Americans explains 55% of variability. Amongst Latinos, the genetic score explains 30% variability, and similar variations were noted for Native Hawaiians and European Americans (25.6%, 21%, respectively), with the least variability explained for the Japanese Americans at approximately 19%. This high predictive value of the genetic score in African Americans may be due to the high frequency of the most influential SNP, rs294777, among African Americans (22%), compared with 2% in Latino Americans and null among Native Hawaiians, European Americans, and Japanese Americans.
Nicotine glucuronidation
There were 492 globally significant SNPs for nicotine glucuronidation, most of which were in 4q13 near UGT2B10 (between positions 69592725 and 7013816); 490 of these top hits were also globally significant for cotinine glucuronidation (Supplementary Table S2 and Supplementary Fig. S1A-S1D ). These findings included the original nonsynonymous SNP of interest, rs61750900, and the UGT2B10 splice variant, rs116294140, found here to be associated at 3.34Â10 À17 and 4.61Â10 À23 , respectively. Two intronic SNPs on chromosome 7 near gene SHFM1 were also found to be globally significant for nicotine glucuronidation.
In a forward selection analysis as described above, two SNPs, our top most association, a UGT2B10 intronic SNP rs116224959, and an intronic variant on chromosome 7 near SHFM1, Overall P values were analyzed via linear regression in PLINK with adjustment for age, sex, race, principal components 1 to 10, and nicotine equivalents. The weighted GS was weighted with the betas from the overall GWAS results.
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Cancer Epidemiol Biomarkers Prev; 24(1) January 2015 Cancer Epidemiology, Biomarkers & Preventionrs4132568, entered the model, indicating that there are two independent signals driving the overall association ( Table 3) . The UGT2B10 variant, rs116224959, was also among the very top SNPs for cotinine glucuronidation with P ¼ 8.71Â10 À153 , and is in high LD with (R 2 ¼ 0.99) rs115765562, the top most SNP that remains in the forward selection for cotinine glucuronidation. No new markers were observed when comparing ethnic-specific results with the overall associations for nicotine glucuronidation.
The weighted genetic score comprising the 15 cotinine glucuronidation SNPs explains approximately 8.5% of the variation for nicotine glucuronidation (Table 4B) . On its own, rs116224959 explains a majority (7.80%) of variance noted in nicotine glucuronidation, though this is substantially smaller than the 23.8% observed for cotinine glucuronidation for this SNP alone (not shown). The splice variant, rs116294140, explains an overall variation of 4.09%, and 9.08% among African Americans, lower than what is noted for rs116224959 at 7.80% overall and 11.0%.
Additional analyses
We determined the possible effects of the weighted cotinine glucuronidation genetic score on smoking behavior, either as CPD or as nicotine equivalents. We did not find any association between the genetic score and nicotine equivalents (P ¼ 0.41). Neither did we find an association between the genetic score and CPD (P ¼ 0.54). We also analyzed two UGT2B10 missense variants, rs147368959 and rs111772923, found only among African Americans with frequencies of 4% and 7% in our dataset. Neither of these variants were significantly associated with cotinine glucuronidation in African Americans (P ¼ 0.61 and 0.96, respectively).
One aspect of the results of the multiple regression for cotinine glucuronidation that is puzzling is that in single SNP analyses, 15 chromosomes showed globally significant associations (P < 5 Â 10 À8 ), whereas only nine chromosomes are represented among the SNPs chosen in the forward regression analysis using an entry criteria of (P < 1 Â 10 À3 ); this was seen despite no LD existing between different chromosomes after correction for principal components. A possible explanation for this is the presence of interactions between those SNPs on the chromosomes not represented in the score and those included in the score. Indeed when we looked between the 15 SNPs in the genetic score and the 10 SNPs which were globally significant but on one of the missing 6 chromosomes, we found significant pairwise interactions (P ¼ 0.01) for several of them. However, the amount of variance that these interactions accounted for was very small compared with the large amount explained by the main effects and we did not consider these SNPs further. We also tested for SNP by race interactions for the 15 variants that remained in the forward selection for cotinine glucuronidation. Three significant interactions (P < 0.01) were found for race by SNPs (rs115765562, chr12_7996130_D and rs80332023), though when added to the model, these interactions only explained 0.24% of additional variability in cotinine glucuronidation. No such significant SNP by race interactions were found for nicotine glucuronidation.
Discussion
Assessing the genetic contribution in the metabolism of nicotine may be important in assessing the racial/ethnic differences in lung cancer risk among smokers (4, 37, 50) as individuals with a genetic basis for fast metabolism of nicotine may smoke more CPD than those with slower metabolism (2) . Prior studies have focused on the catalyst of nicotine C-oxidation, CYP2A6 and variants in this gene have been reported to be associated with smoking and lung cancer risk (51, 52) . However, nicotine glucuronidation may account for up to 40% of the nicotine equivalents excreted by smokers (16, 17) . UGT2B10 catalyzes both nicotine and cotinine glucuronidation (21) (22) (23) , and our analysis has determined that a high fraction of individual variation of cotinine glucuronidation is explained by genetic differences, which can be parsimoniously characterized using a genetic score of 15 SNPs from nine chromosomes with SNPs near UGT2B10 showing the strongest associations. The fraction of variance explained by this genetic score is estimated to be 33% overall ethnic groups considered.
We based our analysis primarily on cotinine glucuronidation rather than nicotine glucuronidation because the same enzyme is responsible for their formation and nicotine is temporally more variable than cotinine. SNPs predictive of nicotine glucuronidation were also predictive of cotinine glucuronidation. Of the six variants at 4q13 maintained in the model for cotinine glucuronidation (Table 3) , the four SNPs near UGT2B10 were found to be significantly associated with nicotine glucuronidation at P < 5Â10 À8 .
A very small fraction of the globally significant associations involved missense SNPs or other protein-coding SNPs (e.g., splice site variants). Of the SNPs maintained in the forward regression model only one, on 7q11, a far less predictive region than chromosome 4, was in high LD with a missense SNP (r 2 ¼ 0.84). The SNP is in the coding region of the enzyme b-glucuronidase, which cleaves glucuronide conjugates. Variation in this enzyme could impact the levels of nicotine and cotinine glucuronide excreted. However, b-glucuronidase is a lysosomal enzyme, only a small amount is present in the plasma, so the influence of this enzyme on circulating nicotine levels would likely be small (53) .
Although all of the remaining SNPs selected in the forward selection regression model were either intronic or intergenic, this does not in itself negate the possibility that common missense variation may still be playing an important role in the associations seen here. Focusing on 4q13, we found our most significant association, rs115765562, to be highly correlated with the splice variant, rs116294140. When forced into the regression model, the missense SNP (the Asp67Try, rs61750900) and the splice site variant, alone explain 24.3% of the variation in cotinine glucuronidation. This compares with the 28.1% including all six chromosome 4 SNPs (a small but strongly significant improvement in R 2 ). Clearly much of the variation in cotinine glucuronidation could be due to the Asp67Tyr and splice site variants; however, many nearly equivalent alternative choices of best predictors can be found in the chromosome 4 region, reflecting a complex pattern of linkage disequilibrium there, so that genetic regulation, rather than the effect of direct coding changes, cannot be ruled out as a primary mechanism affecting glucuronidation.
We have previously reported lower levels of nicotine equivalents in individuals heterozygous for the UGT2B10 Asp67Tyr genotype (rs61750900) compared with those without the allele (19, 21) . In the present study, unlike the previous report, which had a smaller sample size and included fewer ethnic groups, we do not find that the Asp67Tyr variant is related to nicotine equivalents (P ¼ 0.62). In addition, the genetic score is not significantly related to nicotine equivalents. Our overall conclusion is that UGT2B10 variants are less of a factor in determining nicotine dose than initially suspected.
To date most published GWAS for smoking behavior have been conducted in European populations, motivating exploration in other ancestry groups to help understand the differences in genetic diversity in smoking behavior and tobacco dependence (37, 54) . Although our single SNP analysis by ethnic groups did not show notable differences by ethnicity, the weighted genetic score is more predictive in some groups than in others. The fraction of variability in cotinine glucuronidation explained by the genetic score ranges from 55% for African Americans to 19% for Japanese Americans. The high predictive value in African Americans reflects that the most influential of the SNPs (rs294777) included is only common (22%) in African Americans and is not present in European Americans, Japanese Americans, or Native Hawaiians. The predictive value in African Americans also may arguably be driven by a similar pattern of association with the UGT2B10 splice variant, which has a frequency of 35% in African Americans and from 0.1% to 8.0% in the other groups. The much lower predictive value of the genetic score in Japanese Americans may be due to the higher prevalence of CYP2A6 null variants in this group (27) . We previously reported that CYP2A6 alleles contribute to variation in plasma nicotine glucuronide levels among European Americans (23) , and in the subjects of this study, the CYP2A6 metabolic ratio for Japanese Americans was half the ratio for African Americans (32) . In both Japanese Americans and Native Hawaiians, low CYP2A6 activity is associated with decreased nicotine equivalents (29) . This relationship may explain the inverse relationship between nicotine equivalents and nicotine glucuronidation that we see with these two groups because decreased CYP2A6-catalyzed nicotine C-oxidation results in increased nicotine N-glucuronidation (17, 32) . Genotyping of common CYP2A6 alleles in the current study is on-going (CYP2A6 is not well covered by GWAS arrays) and these data, with additional nicotine metabolism phenotypes and the GWAS data will be used to gain a more complete understanding of the genetics of nicotine metabolism and tobacco use.
The ethnic differences in nicotine and cotinine glucuronidation are interesting, but do not seem to be directly related to the differences in cancer risk seen between the five racial/ethnic groups. African Americans have the lowest levels of nicotine glucuronidation among the groups, but their lung cancer risk is the highest. There was no significant association between nicotine equivalents and nicotine glucuronidation among African Americans. Therefore, the relatively high prevalence of UGT2B10 variants in African Americans does not seem to influence smoking levels; however, it may result in decreased detoxification of tobacco carcinogens (55) .
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